The aim of this double-blind, randomized, placebo-controlled trial was to investigate the effects of different cardiopulmonary bypass flow rates and low-dose dopamine on gastric mucosal pH (pHi) and outcome. We hypothesized that by minimizing gut mucosal hypoperfusion during and after cardiac surgery endotoxin translocation may be prevented, resulting in an improved clinical outcome. Four groups of 25 patients each receiving high or low flows during bypass and low-dose dopamine or saline for 24 hours after induction of anaesthesia were studied. The pHi was measured at six time intervals over 24 hours.
Cardiopulmonary bypass is often associated with significant gut mucosal ischaemia 1 . There is some evidence to suggest that disruption of gut mucosal barrier function due to ischaemia and reperfusion may result in bacterial translocation and endotoxaemia 2 . Endotoxin has been implicated as a mediator of organ dysfunction in cardiac surgical patients 3, 4 . The clinical problems linked to endotoxaemia include the high cardiac output low vascular resistance syndrome 5 , disturbed myocardial performance 6 , lung injury 7 and the systemic inflammatory response syndrome (SIRS) 8 .
We hypothesized that by manipulating aspects of cardiopulmonary bypass management we might be able to reduce the incidence and severity of gut mucosal ischaemia and thereby improve outcome. We were particularly interested in exploring a possible association between gut mucosal hypoperfusion and a low systemic vascular resistance index (SVRI) following bypass. A low SVRI has been reported in up to 10% of patients undergoing cardiac surgery 9 and may be one of the clinical manifestations of the SIRS. Endotoxin decreases SVRI in both normal volunteers 10 and septic patients.
Our aim was to investigate the effects of different cardiopulmonary bypass flow rates and low-dose dopamine on gastric mucosal pH (pHi) and outcome. It is the practice of many units to decrease the flow rate during the hypothermic phase of non-pulsatile bypass. "Low-flow" bypass results in less blood cell trauma and non-coronary collateral flow 11 and has not been shown to be associated with adverse neurologic 11 or renal 12 outcomes; however, the effect on an already compromised gut mucosal blood flow 13 has not been well studied. Low-dose dopamine has been used as a mesenteric vasodilator 14 , mediating its effect via dopamine receptors. Although dopamine has been shown to increase gut blood flow in the normal animal, its effect during abnormal physiological con-ditions is less clear. Dopamine has been shown to hasten the onset of gut ischaemia in a porcine model of haemorrhagic shock 15 . Cardiopulmonary bypass, particularly with low flows, mimics many of the features of haemorrhagic shock including redistribution of blood flow and hormonal response 16 .
METHODS
After Hospital Ethics Committee approval and informed patient consent, 100 ASA 3 and 4 patients undergoing first-time coronary artery bypass grafts (CABG) were randomly allocated to one of the following four treatment groups according to the contents of a sealed envelope in a 2 x 2 factorial structure. Group 1: Low bypass flow rate (1.5 l.min -1 .m -2 )+ dopamine infusion (2 µg/kg/min) Group 2: Low bypass flow rate+normal saline infusion (2 ml/hr) Group 3: High bypass flow rate (2.4 l.min -1 .m -2 ) +dopamine infusion (2 µg/kg/min) Group 4: High bypass flow rate + normal saline infusion (2 ml/hr). Each group included 25 patients. The study design also allowed analysis of results in groups of 50 patients by dopamine only (irrespective of flow) and by flow only (irrespective of dopamine).
Patients with insulin-dependent diabetes mellitus, preoperative creatinine >120 mmol/l, abnormal liver function tests, or severe left ventricular dysfunction (as assessed by cardiologist during cardiac catheterization) were excluded from the study. Duration of cardiopulmonary bypass, aortic cross clamp time and vasoconstrictor use during bypass were recorded.
Anaesthetic Technique
All patients were given oral ranitidine hydrochloride 150 mg the night before and again two hours before surgery to increase the precision of assessment of pHi 17 . All cardiovascular drugs except aspirin were continued until the morning of surgery. Premedication consisted of lorazepam 1 to 2 mg orally, morphine 7.5 to 10 mg IMI and droperidol 2.5 mg IMI. Anaesthesia was induced with fentanyl 7 to 10 µg/kg±midazolam hydrochloride in small boluses. Muscle relaxation was effected and maintained with pancuronium bromide 10 mg. The lungs were ventilated with nitrous oxide 50% in oxygen before bypass and 50% air in oxygen after bypass. Ventilation was adjusted to maintain P a CO 2 at 34 to 40 mmHg. Anaesthesia was maintained with enflurane (0.2 to 1.5%). Before induction of anaesthesia, a peripheral intravenous catheter and radial artery catheter were inserted using local anaesthetic. After induction of anaesthesia, a pulmonary artery catheter was inserted and a gastric tonometer catheter (TON20024816, Tonometrics, Worchester, MA) was placed in the stomach via the nasogastric route and its position confirmed by auscultation. After intravenous access was established, dopamine or saline infusion was started and continued at the same rate for 24 hours. Clinicians involved with the case were blinded to the study drug. If inotropic agents were required during the perioperative period, agents other than dopamine were used.
After bypass, adrenaline was used for a low output state in the intensive care unit (ICU). Other inotropic agents (excluding dopamine) could be added if required. Noradrenaline was only used for low blood pressure with a normal or high cardiac output. All patients had an infusion of glyceryl trinitrate, managed as deemed appropriate by the anaesthetist.
Management of Cardiopulmonary Bypass
After insertion of vena caval and aortic cannulae, non-pulsatile bypass was conducted using a roller pump (Cobe-Stöckert, Munich, Germany, or Sarns, Ann Arbor, MI, U.S.A.) membrane oxygenation (Capiox E, Terumo, Tokyo, Japan), and a 40 micron arterial line filter. Bypass was conducted with moderate hypothermia (nasopharyngeal temperature 28 to 30°C), α-stat blood gas management, and 100% oxygen using a lactated Ringers prime. Haemoglobin was maintained at >60 g/l. Anaesthesia during bypass was maintained with enflurane and small doses of fentanyl on rewarming. Cardiac standstill was achieved and maintained with intermittent cold blood cardioplegia during aortic cross clamping.
Following attainment of hypothermia, the low flow group was managed with flow rates of 1.5 l.min -1 .m -2 and the high flow group with flow rates of 2.4 l.min -1 .m -2 . Mean arterial pressure was maintained at 55 to 60 mmHg-if necessary with incremental doses of phenylephrine. If the pressure rose to more than 80 mmHg, then after excluding inadequate anaesthesia, glyceryl trinitrate was infused. At the start of rewarming, flows were increased to maintain a mixed venous saturation of greater than 75%.
Measurements
Arterial blood gases, serum lactate, haemoglobin concentrations and pHi were measured before bypass, during bypass at 28°C and 35°C (following rewarming), after bypass when protamine had been given, on ICU admission and 24 hours after the start of surgery.
The pHi was calculated by inserting values for gastric tonometer PCO 2 and arterial bicarbonate level, which was determined by arterial blood gas analysis (Radiometer ABL300, Copenhagen, Denmark), into the following modified Henderson-Hasselbach equation, described and validated previously 18, 1 .
pHi=6.1+Log 10 ( )
in which K is a time-dependent equilibration constant provided by the manufacturer and HCO 3 is the arterial plasma bicarbonate level. A pHi of 7.32 was considered the lower limit of normality 19 . Measurement of tonometer PCO 2 was made after priming the tonometer balloon with 2.5 ml sterile 0.9% saline and allowing at least 20 min for equilibration. In addition to pHi, the arterial to intramucosal pH (pHa-pHi) and PCO 2 (P i CO 2 -P a CO 2 ) gradients were calculated. Tumor necrosis factor alpha (TNFα) was measured at the same six time intervals in the first 20 patients in each group. After storage of blood samples at -70°C, TNFα was measured using a radioimmunoassay (TNFα IRMA, MEDGENIX KIT). TNFα was reported as being detected if found in concentrations greater than 15 pg/ml.
Pulmonary artery wedge pressure, mean arterial pressure, cardiac index (CI) and SVRI were measured before bypass, after bypass, on ICU admission and after 24 hours in the ICU. CI was measured using the thermodilution technique. All measurements were made at end-expiration in triplicate, with readings accepted if within 10% of each other. The average reading was then used. SVRI was calculated by the Siemens component monitoring system.
Mean arterial pressure and mixed venous saturation were recorded during bypass at 28°C and 35°C (following rewarming).
The following complications were recorded: death; gastrointestinal problem requiring special intervention; wound breakdown requiring surgery; chest infection requiring antibiotic treatment; circulatory support for low cardiac output including ventricular assist, intra-aortic balloon pump, or inotropic agents; and high cardiac output low vascular resistance requiring noradrenaline only for more than 12 hours to maintain blood pressure despite satisfactory cardiac output.
Statistical Analysis
Statistical analysis was performed using the SPSS/PC+V4.0 computer program (SPSS Inc., Sydney, Australia). Results are presented as mean (SD). Comparisons between groups were made using one-way analysis of variance. Percentage changes from baseline to each sampling time were compared to eliminate the influence of small differences in baseline between groups. Absolute values of pHi were also compared to assess which groups had a mean value defined as abnormal at any time. Logistic regression analysis was used to test the association between pHi and adverse outcome. Categorical data were analysed using Chi squared analysis or Fishers exact test (as indicated). A P value of <0.05 was considered significant.
RESULTS
One patient (Group 2) had to be withdrawn from the study because of damage to the gastric tonometer balloon. Preoperative and bypass data are shown in Table 1 .
There was a fall in pHi in all groups over the 24 hour period. Group 1 (low flow/dopamine) had the greatest reduction in pHi overall (Figure1) and was the only group to undergo a reduction during bypass. The fall in pHi in this group was significantly greater than each of the other groups following rewarming (P<0.05). After bypass, the fall in pHi was significantly greater than in group 3 (high flow/dopamine) and group 4 (high flow/saline) (P<0.01). Table 2 shows the number of patients in each group who had at least one abnormal pHi (pHi <7.32). Significantly fewer patients in group 4 (high flow/saline) developed an abnormal pHi compared with each of the other groups. Those patients on calcium channel antagonists preoperatively demonstrated no differences in pHi. However, the concurrent use of angiotensin converting enzyme (ACE) inhibitors did have an effect on pHi. Multiple 15 
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Anaesthesia and Intensive Care, Vol. 27, No. 1, February 1999 analysis of variance was performed to assess the effect of dopamine, flow rate, ACE inhibition and phenyleprine use during bypass on pHi, using the baseline pHi as covariate. Results are seen in Table 3 . There was no significant difference between groups with respect to pHa-pHi or P i CO 2 -P a CO 2 . TNFα was detected on at least one occasion in 16% (13/80) of the patients studied. There was no significant difference in the incidence of detectable TNFα between groups and no association between low PHi and the presence of TNFα .
Thirty per cent of patients (30/99) developed at least one complication. Fewer patients in group 4 (high flow/saline) developed a complication than in each of the other groups but the difference was not significant (Table 2) . Two patients had gastro-intestinal complications. Both patients were from group 1 (low-flow/dopamine). One patient required surgery on two separate occasions for perforated duodenal ulcer and bleeding duodenal ulcer. The other required surgery for perforated duodenal ulcer. Neither patient had a history of peptic ulcer before surgery.
Eleven of the 12 patients who required noradrenaline in ICU received dopamine (P=0.006). Nine of the 12 patients were managed with low flows 16 M. SCHNEIDER, S. VALENTINE ET AL Anaesthesia and Intensive Care, Vol. 27, No. 1, February 1999 (Figure 2 ). Of the 30 patients who developed a complication, 80% (24) had a low pHi (<7.32) on at least one occasion (P=0.003). Nine of the 12 patients who required noradrenaline had a low pHi on at least one occasion. Logistic regression analysis to test the association between pHi (as a continuous measure) and risk of low SVRI demonstrated a significant relationship between pHi on ICU admission and noradrenaline use (P=0.007).
DISCUSSION
This study has shown that the use of low-dose dopamine in the setting of a low bypass flow rate was associated with a significantly greater frequency and severity of gastric mucosal acidosis in patients undergoing cardiac surgery. Dopamine and low flows were also associated with an increased incidence of low systemic vascular resistance. There may be an association between low-dose dopamine (with low flows), gut mucosal hypoperfusion and a low systemic vascular resistance. A low pHi (pHi <7.32) was predictive of a poor outcome as in other studies 1, 20 .
The decrease in gut blood flow that occurs during bypass has been attributed to angiotensin II induced splanchnic vasoconstriction 21 . The effect of catecholamines and vasodilators on gut blood flow may differ under different physiological and pathological conditions 22 . Cardiopulmonary bypass in some respects is a model of "controlled shock" or hypovolaemia. There is a hormonal response involving redistribution of blood to vital organs (away from the gut) 16 . Dopamine, by interacting with specific receptors, causes vasodilation of the mesenteric vascular bed and therefore an increase in gut blood flow might be expected 14 . This has been demonstrated in a variety of animal models and in man 14, 23 . However, low-dose dopamine had been shown to hasten the onset of gut ischaemia in a porcine model of haemorrhagic shock 15 . This was accompanied by a decreased ability of the gut to extract oxygen. In another study, Giraud and MacCannell 24 found that oxygen extraction was decreased in a segment of gut in response to intra-arterial dopamine at doses that increased gut blood flow to the segment. Thus dopamine might result in redistribution or shunting of blood within the gut away from the mucosa. This may be more pronounced in the setting of hypovolaemia or haemorrhage, a condition simulated by using low flows during bypass. Group 1 (low flow/dopamine) was the only group to sustain a decrease in pHi following rewarming, a time of increased oxygen demand in the face of decreased supply.
A countercurrent arrangement of intestinal villous blood flow maintains basal villous oxygenation at the expense of the tip. Maintenance of perfusion pressure at the base of the villus may be important in optimizing mucosal blood flow 25 which may be critical during cardiopulmonary bypass. Microvascular occlusion due to micro aggregates generated by the extracorporeal circuit has been demonstrated using retinal fluorescein angiography 26 . Flow through this constricted and possibly partially occluded microvasculature may be decreased by drugs with vasodilator properties and by plasma volume depletion. In our study, preoperative ACE inhibition exacerbated the decrease in pHi effected by dopamine. A greater number of patients on ACE inhibitors were randomized to group 1 (low-flow/dopamine). This may have influenced the decrease in pHi in this group. Parvianen and colleagues demonstrated that enalapril given after cardiac surgery had no effect on splanchnic blood flow but decreased pHi 27 . Dopexamine given after cardiac surgery actually decreased pHi despite an increase in splanchnic blood flow 28 . In contrast, noradrenaline, a drug used for its vasoconstrictor properties, increased pHi with improved splanchnic tissue oxygen utilization in septic patients 29 . Perioperative plasma volume expansion before and after bypass prevented gut mucosal hypoperfusion during cardiac surgery 30 . High flows during bypass in our study (without dopamine) resulted in the lowest incidence and severity of mucosal hypoperfusion. Like plasma volume expansion, the effect of optimizing stroke volume and circulating blood volume by maintaining a high flow has beneficial effects in attenuating the decrease in pHi. Thus maintenance of a satisfactory mixed venous saturation during bypass does not necessarily reflect adequate oxygen delivery at a tissue levelnamely the gut mucosa.
In this study, the use of low flows and dopamine resulted in a lower pHi during and after bypass, a lower SVRI on ICU admission and a greater incidence of noradrenaline requirement in ICU. It is possible that the combination of dopamine and low flow has induced endotoxaemia due to gut hypoperfusion and that this has effected a decrease in systemic vascular resistance. Disturbance of gut barrier function has been shown to be a cause of endotoxaemia in cardiac surgical patients 31 . The degree of endotoxaemia is related to the increase in intestinal per-meability 2 . Myles et al were unable to demonstrate that intestinal ischaemia predisposes to endotoxaemia or low SVR 32 . In that study, interestingly, there were no significant changes in pHi or endotoxin levels perioperatively. There were few patients with a pHi <7.32 and no patient required noradrenaline for management of low SVR. Thus the absence of significant endotoxaemia in patients with normal gut perfusion supports the hypothesis that a low pHi might predispose to endotoxaemia.
The low pHi during and after bypass preceded the low SVRI on arrival in ICU (one to two hours). This supports the possibility of a causal relationship between a low pHi and a low SVRI. Reperfusion of the gut after bypass might result in further injury in predisposed patients. Parks and Grainger have shown that relatively little intestinal mucosal injury occurs during ischaemia compared with reperfusion 33 . There was no difference in SVRI between groups following separation from bypass: however, on ICU admission, low-flow dopamine patients had a significantly lower SVRI. We suggest that reperfusion of ischaemic gut mucosa was followed by low SVRI.
We were unable to demonstrate an association between low pHi and TNFα detection. This supports other studies which have shown that TNFα may not be an important mediator of tissue injury during cardiac surgery 9,34 . Cremer et al have shown that interleukin-6 appears to be involved in circulatory dysregulation associated with SIRS. It is now believed that the low SVRI associated with SIRS is due to nitric oxide production in endothelium and vascular smooth muscle 35 . Endotoxin, interleukins and TNFa can all induce nitric oxide synthase-the enzyme responsible for producing nitric oxide 36 .
It has been suggested that a high arterial to intramucosal pH gradient or a large difference in PCO 2 between gastric mucosa and arterial blood are more specific indicators of splanchnic ischaemia and predictors of outcome 37 . We were unable to show any significant differences between groups with respect to these measurements. This supports work by Gomersall et al 38 which showed that unlike pHi, pHa-pHi and P i CO 2 -P a CO 2 did not distinguish survivors from non-survivors.
There is also an association between low pHi and low SVRI.
